We present an extension of magic angle coil spinning (MACS) solid-state NMR spectroscopy to double-resonance experiments, enabling implementation of powerful double-resonance solid-state NMR methodologies including cross polarization, proton decoupling, and two-dimensional correlation spectroscopy etc., while still enjoying the merits that are intrinsic to MACS, such as high concentration sensitivity, eliminated magnetic susceptibility-induced field distortion, and an easy-to-use approach with the conventional and widespread hardware.
in solid-state NMR spectroscopy to simultaneously handle two nuclear spin species having different gyromagnetic ratios and thereby different resonance frequencies. For example, in many solid-state 13 C NMR studies of biomolecules and polymers, the 13 C magnetization is enhanced by means of Cross Polarization (CP) [12] . Also, the 13 C magnetization is usually observed after CP under both MAS and intense rf irradiation at the 1 H spin for the purpose of decoupling, i.e., of eliminating the dipolar interaction between the 13 C and the 1 H spins so as to enhance spectral resolution. In this work, we integrate MACS and double-resonance NMR spectroscopy into an easy-to-use, powerful, and sensitive analytical tool for intrinsically mass-limited polycrystalline and amorphous solid materials with a small volume of the order of 0.1 mm 3 or less, opening a new arena of chemical analysis in which one can enjoy benefits from both MACS and double-resonance NMR spectroscopy. Here we demonstrate 1 H-13 C double-resonance MACS experiments in a magnetic field of 7 T.
All NMR spectra presented in this work were acquired using an OPENCORE NMR spectrometer [13] , which is a home-built, FPGA-based NMR spectrometer [14] . 
By setting the individual resonance frequencies to the Larmor frequencies ω I and ω S of the nuclear spin species under interest, double-resonance NMR is realized.
We wound two coils (inner diameter: 0.5 mm) with 80 µm polyurethane-coated copper wire, and assembled the doubly-tuned MACS resonator in an axially symmetric form using two chip capacitors, as shown in Fig. 1b . As discussed extensively by the Sakellariou group in their pioneering papers [11, 15] , the eddy current induced in the spinning coils and capacitors can have a considerable sample-heating effect. In order to minimize the amount of metal and thus creation of heat, we employed spot welding as a means of contacting the wire onto the electrodes of the chip capacitor, since it does not add any extra metal unlike soldering. Also, for effective heat dissipation, Shapal-M, machinable ceramic known to have an excellent thermal conductivity, was used [11] for the spacer holding the MACS resonator inside a spinning sample tube. CP-MAS probe, we verified stable spinning at up to 10 kHz both inside and outside a wide-bore 7 T superconducting magnet. We cautiously did not try to spin it at the certificated maximum spinning speed of 12 kHz.
We put the two coils apart from each other, so that their coupling M is negligible. We then obtain from Eq. (1)
where
In this work we deal with 1 H-13 C double-resonance NMR experiments in a magnetic field of 7 T, and in Fig. 2a -
for various capacitances C 1 and C 2 that the circuit resonates at 300 MHz and 75 MHz, which correspond to the 1 H and 13 C Larmor frequencies, respectively.
As seen in Fig. 2a-b In the present work we have chosen the values of C 1 , C 2 , L 1 , and L 2 as follows.
Firstly we tentatively set the length of the sample coil L 2 to ca. After fabricating the resonator, we slightly shrinked and stretched the coils several times until it resonated at the desired frequencies of 300 and 75 MHz.
The resonance frequencies were checked by putting the MACS insert into the primary coil of the CP-MAS probe that was in advance tuned and matched using a network analyzer. When the resonance frequencies of the insert was close to that of the primary circuit, considerable deviation of the reflection coefficient was observed, while deviation as increasing the difference in the resonance frequencies. After verifying the resonance frequencies of the MACS insert, the final impedance matching was attained by adjusting the trimmer capacitors of the primary circuit so that the reflection coefficients at the relevant frequencies were minimized.
Frequency mismatch of the MACS insert can apparently be compensated by adjusting the trimmer capacitors of the primary probe so as to give the minimum reflection coefficient. However, it should be small for efficient inductive rf transmission at the Larmor frequency. In order to study the mismatch tolerance, we examined the efficiencies of nutation for various resonance frequencies of the MACS insert over a range of 10 MHz around the 13 C resonance frequency of ∼75 MHz. We then found that mismatch by less than ∼ ±1 MHz did not significantly disturb the performance. On the other hand, the rf efficiency degraded considerably for larger mismatch. Thus, we made a rough estimation of the Q factor of the present MACS resonator at the 13 C channel to be ∼ 40.
It would be worth mentioning here that the width of this mismatch tolerance does not coincide with the frequency bandwidth of -3 dB return loss measured for the overall circuit, and we have not yet found a straightforward way of accurately measuring the Q factor of the doubly-tuned MACS resonator alone that gives us the mismatch tolerance bandwidth.
In order to evaluate sensitivity enhancement introduced by employing the doubly-tuned MACS resonator, we examined the frequencies of nutation for both the 1 H and 13 C channels of the Varian 5 mm CP-MAS probe with and without the tuned double-resonance MACS insert shown in Fig. 1 . According to the principle of reciprocity [4] , the electromotive force induced in the sample coil by a magnetic dipole at a point is proportional to the magnetic field created by a unit current in the coil at the same point. It follows that dependence of the nutation frequency on the power of rf irradiation gives a direct measure of the signal intensity for a given nuclear magnetization. In an enhancement factor of ca. 7 in the 13 C NMR signal intensity, in good agreement with the enhancement factor in the 13 C nutation efficiency described in Fig. 3a . Note, however, that the microcoil resistance causes additional noise, so that the overall enhancement factor in the signal-to-noise ratio was less than the enhancement factor in the signal intensity (6.3, 6.6, and 6.3 in the present case for the methyl, methine, and carboxyl carbons, respectively).
In Fig. 3b , a weak background signal is visible at around 110 ppm. Since this peak does not appear in the MACS spectrum of Fig. 3c , it should come from the 13 C spins outside the coils of the MACS insert. From the nutation experiment we also estimated the rf-field distribution experienced by the sample inside the MACS resonator ranges over ca. 11%.
Since the signal-to-noise ratio is proportional to the square root of the num- Multi-dimensional NMR is, even though powerful for extracting secondary structure of biomolymers, time consuming, so that a considerable amount of sample is usually required to reduce the number of signal accumulations. In many applications, however, samples with 13 C labelling at specific sites have to be prepared to assign the resonance lines and obtain distance restrains, and synthesis of a number of differently labeled samples with quantities giving tolerable sensitivity in the conventional solid-state NMR is often formidable.
Double-resonance MACS presented here is also promising in this context, since it allows us to obtain two-dimensional correlation spectra with much less sample amount, as demonstrated in Fig. 4b .
For a static microcoil, the susceptibility effect of the coil material causes static field distortion in the coil proximity, and it was demonstrated that spinning of the MACS insert effectively eliminated resonance-line broadening induced by the susceptibility of the microcoil as well as that of the biological tissue sample [11] . In order to examine the effect of coil susceptibility in 1 H-13 C doubleresonance MACS in comparison with the case of a static microcoil, we carried out another microcoil-MAS experiment with the piggy-back scheme [8] using the same 7 T superconducting magnet and under the same experimental condition, i.e., the identical polycrystalline sample of 13 C-15 N-labeled L-alanine, the same pulse sequence and rf intensities, and the same spinning speed. The diameter of the static microcoil was 0.8 mm, and the outer and inner diameters of the sample capillary were 0.4 and 0.3 mm. Our piggy-back microcoil-MAS probe is described in Ref. [10] in detail. As demonstrated in Fig. 5 showing the methyl 13 C peaks, 13 C-13 C J splitting could be obserbed in MACS, while broadening caused by the coil susceptibility obscured the structure in the piggy-back scheme, indicating that susceptibility-matching [1] would be required in the latter.
The MACS resonator, whether singly-or doubly-tuned, is transparent to radiofrequency fields for a wide range of frequencies outside the resonance bands.
It is thus possible to use an extra channel of the primary circuit in the probe to put another nuclear spin species in the experiment. With a double-resonance MAS NMR probe, a singly tuned MACS resonator for one nuclear spin species can be inductively coupled with one of the two channels in the probe, while the other channel can also be used for another species. Similarly, with a tripleresonance probe, we would be able to perform double-resonance MACS with two of the three channels, and use the other for another, third nuclear spin species. Even though the filling factor for the third channel is poor, not all nuclear spin species are subject to observation in most triple-resonance NMR experiments, so that the additional channel may be assigned to the unobserved spin species. For example, in 1 H-13 C-15 N triple-resonance sequences used frequently for the study of 13 C-15 N-labeled peptides and proteins, the 1 H spins are only irradiated for the purpose of magnetization transfer and decoupling, while it is essential to detect the 13 C and 15 N NMR signals with high concentration sensitivity. On the other hand, for strong 1 H decoupling which is only possible with the microcoil [8] , it would be necessary to extend MACS to triple-resonance by fabricating a triply-tuned resonator based on the circuit diagram depicted in Fig. 6 , which involves three inductors L 1 , L 2 , and L 3 and three capacitors C 1 , C 2 , and C 3 . For the case of negligible mutual inductances among the inductors, the resonance condition is given by
from which the inductances and capacitances are determined according to three Larmor frequencies of interest.
To summarize, we have demonstrated the feasibility of double-resonance MACS experiments. MACS is an attractive option for performing microcoil-MAS experiments in the sense that a commercial CP-MAS probe can be used as it is without hardware modification, and the susceptibility-induced static-field inhomogeneity can effectively be suppressed. Double-resonance MACS can potentially be a versatile strategy for solid-state NMR analysis of intrinsically mass-limited samples when further progress is made in terms of rf-efficiency optimization, analysis and suppression of the sample heating effect due to the Eddy current induced by the spinning coil, and further increase in the spinning speed.
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The contour plots in (a) and (b) describe the L 1 and L 2 values required to tune the circuit at both 300 MHz and 75 MHz for a given set of the capacitances C 1 and C 2 . These plots are calculated from Eqs. (2)- (5), and in the present work, L 1 = 11 nH, L 2 = 43 nH, C 1 = 33 pF, and C 2 = 82 pF. 
